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In the ﬁlamentous fungus Neurospora crassa, phospholipase C may play a role in hyphal extension at the
growing tips as part of a growth-sensing mechanism that activates calcium release from internal stores to
mediate continued expansion of the hyphal tip. One candidate for a tip-localized phospholipase C is
PLC-1. We characterized morphology and growth characteristics of a knockout mutant (KO plc-1) and
a RIP mutated strain (RIP plc-1) (missense mutations and a nonsense mutation render the gene product
non-functional). Growth and hyphal cytology of wildtype and KO plc-1 were similar, but the RIP plc-1
mutant grew slower and exhibited abnormal membrane structures at the hyphal tip, imaged using the
ﬂuorescence dye FM4-64. To test for causes of the slower growth of the RIP plc-1 mutant, we examined
its physiological poise compared to wildtype and the KO plc-1 mutant. The electrical properties of all
three strains and the electrogenic contribution of the plasma membrane H+-ATPase (identiﬁed by cyanide
inhibition) were the same. Responses to high osmolarity were also similar. However, the RIP plc-1mutant
had a signiﬁcantly lower turgor, a possible cause of its slower growth. While growth of all three strains
was inhibited by the phospholipase C inhibitor 3-nitrocoumarin, the RIP plc-1 mutant did not exhibit
hyphal bursting after addition of the inhibitor, observed in both wildtype and the KO plc-1 mutant.
Although the plc-1 gene is not obligatory for tip growth, the phenotype of the RIP plc-1 mutant –
abnormal tip cytology, lower turgor and resistance to inhibitor-induced hyphal bursting – suggest it does
play a role in tip growth. The expression of a dysfunctional plc-1 gene may cause a shift to alternative
mechanism(s) of growth sensing in hyphal extension.
 2015 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Polarized cell expansion (tip growth) is a morphogenic process
observed in all kingdoms, from bacteria to animals. In all the
examples of tip-growing eukaryotic cells that have been studied
so far, there is a relationship between tip extension and a
tip-high internal calcium gradient (Torralba and Heath, 2001).
The tip-high calcium gradient appears to be generated by different
mechanisms in different organisms. In the oomycete Saprolegnia
ferax, stretch-activated channels function as sensors of cell
expansion, mediating Ca2+ inﬂux to maintain a tip-high Ca2+
gradient during hyphal extension (Garrill et al., 1993). This mech-
anism is also observed in tip-growing pollen tubes of higher plants
(Dutta and Robinson, 2004), but cannot be considered universal,
since the ﬁlamentous fungus Neurospora crassa does not rely on
stretch-activated channels (Levina et al., 1995). Instead, it usesan endomembrane IP3-activated Ca2+ channel to maintain a
tip-high Ca2+ gradient during hyphal extension (Silverman-
Gavrila and Lew, 2002).
Silverman-Gavrila and Lew (2003) proposed that the source of
IP3 activating the endomembrane Ca2+ channel to create the
tip-high Ca2+ gradient was a phospholipase C on the plasma mem-
brane. A stretch-activated phospholipase C (Kinnunen, 2000) could
‘sense’ hyphal expansion, and cleave PIP2 to IP3 and diacylglycerol.
Phospholipase C inhibitors do inhibit hyphal growth
(Silverman-Gavrila and Lew, 2002; Oh et al., 2012) and modify
the vesicular Ca2+ gradient similarly to inhibitors of the
IP3-activated Ca2+ channel (Silverman-Gavrila and Lew, 2002).
Mild hypoosmotic stress (which should cause tip swelling) does
cause a rapid increase in diacylglycerol levels in conidial germlings
(Silverman-Gavrila and Lew, 2003). Thus a stretch-activated phos-
pholipase C is a possible mechanism for sensing hyphal expansion.
If this is the case, it is possible that other aspects of the polar
cytology of the growing fungal tip may be regulated by other
intermediates of the phosphatidylinositol and inositol phosphate
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cated in regulation of the cytoskeleton (Yin and Janmey, 2003)
and cellular polarity (Kost et al., 1999; Mähs et al., 2012).
N. crassa contains four genes with homology to phospholipase
C: NCU01266, NCU06245, NCU09655 and NCU02175 (Zelter
et al., 2004). Gavric et al. (2007) obtained a RIP mutation of the
plc-1 [NCU06245] (RIP plc-1); the mutant phenotype was slow,
aberrant growth. Thus, plc-1 appeared to be a good candidate for
a phospholipase C that plays a role in generation of the tip-high
Ca2+ gradient required for hyphal growth. The RIP plc-1 gene
retains the X domain – which binds Ca2+ and is required for
catalytic function (Rhee, 2001). However, a nonsense mutation at
codon 412 should truncate the protein so that the catalytic
Y domain is not present. Gavric et al. (2007) found that the RIP
plc-1 mutant had signiﬁcantly reduced phospholipase C activity.
Residual activity could arise from other putative phospholipase
C genes. The knockout of NCU06245 (KO plc-1) is also available
(Colot et al. (2006). We explored the phenotypes of both of these
plc-1 mutants. We ﬁnd quite different phenotypes. The KO plc-1
phenotype is similar to wildtype, while the RIP plc-1 exhibits low
turgor, aberrant hyphal tip cytology and responses to the phospho-
lipase C inhibitor 3-nitrocoumarin that are consistent with a role in
hyphal tip growth. Redundant mechanisms may explain the ability
for even the RIP plc-1 mutant to grow.
2. Materials and methods
2.1. Strains
Stock cultures of wild type (strain 74-OR23-1VA, FGSC No.
2489), the plc-1 knockout mutant (KO plc-1, NCU06245.2, mating
type a, FGSC No. 11411) (Colot et al., 2006) and a RIP plc-1 mutant
created by Gavric et al. (2007) (RIP plc-1, mating type a, FGSC No.
9919) were obtained from the Fungal Genetics Stock Center
(School of Biological Sciences, University of Missouri, Kansas City,
Missouri, USA) (McCluskey, 2003). Cultures were maintained on
Vogel’s minimal medium (plus 1.5% (w/v) sucrose and 2.0% (w/v)
agar) (VM) (Vogel, 1956).
To conﬁrm the knockout (KO) plc-1 genotype, we veriﬁed the
insertion of the hygromycin resistance gene into the plc-1 gene
to create KO at the sites predicted from the primer sequences pub-
lished by the Neurospora Genome Project (www.dartmouth.edu/
~neurosporagenome/) (Colot et al., 2006). DNA was extracted from
the knockout and wildtype strains and screened by PCR using
primer sequences that ﬂanked the insertion sites of the knockout
cassette in plc-1 [left primer, 50-GTTGATGGATCGTGATGAAC-30;
right primer, 50-GATAGGTAACTTGACTGCGA-30; predicted band
sizes of 1.8 kB (knockout) or 3.0 kB (wildtype gene)]. Bands of
the expected size were obtained, conﬁrming the knockout and
wildtype genotypes.
RIP (Repeat-Induced Point) mutations (Irelan et al., 1994;
Selker, 2004; Galagan and Selker, 2004) are usually localized to
within 1 kB of the target sequence, but could extend further.
Nearby genes include tim13 (NCU06244). An RIP mutant of
tim13 exhibits no phenotype under normal growth conditions
(Hoppins and Nargang, 2004). Other nearby genes (NCU06246, a
putative RNA helicase and NCU06243, unknown function) have
not been characterized. To conﬁrm the RIP mutation had not
affected nearby genes, we sequenced approximately 4 kB in both
directions from the plc-1 gene (NCU06244 and NCU06246 lie
within the upstream and downstream 4kB regions). Sequences of
the RIP mutant were identical to wildtype in regions ﬂanking the
plc-1 gene. We did identify four differences from the reportedsequence of the RIP plc-1 mutant created by Gavric et al. (2007)
(Supplemental Fig. 1), but otherwise the sequences matched,
including the nonsense mutation that results in expression of a
truncated protein.2.2. Growth measurements
Growth was normally measured by placing a plug of agar con-
taining mycelium in the center of a Petri dish and colony diameter
measured every 2–3 h to obtain linear rates of diameter increase
(as cm h1) over a period of 20–60 h. Colony growth measure-
ments were performed at 28 C unless stated otherwise. For treat-
ments with 3-nitrocoumarin, the fungal strains were plated at the
edge of 60 mm Petri dishes ﬁlled with VM plus 2% (w/v) agar and
grown overnight at 28 C. Immediately prior to the imaging mea-
surements, the dishes were ﬂooded with 5 ml of buffer solution
(BS), containing (in mM): KCl (10), CaCl2 (1), MgCl2 (1), sucrose
(133), and MES (morpholineethanesulfonic acid) (10), pH adjusted
to 5.8 with KOH. The extension rates of hyphal tips on the surface
of the agar at the colony edge were imaged using 0.5 min time
lapse microphotography for 12 min at room temperature (21–
24 C), followed by solution replacement with BS containing
10 lg/ml 3-nitrocoumarin (from a 20 mg/ml stock dissolved in
DMSO). After 12 min, the 3-nitrocoumarin-containing solution
was replaced with BS alone to assess recovery from inhibition, if
any. The 3-nitrocoumarin (99.96% purity) was custom-
synthesized by Dalton Pharma Services (Toronto, Canada). For
growth, the colony edges were observed with a 10 objective. To
document morphological changes in hyphal tips (bulging) caused
by 3-nitrocoumarin, the experiments were performed using a
63 water immersion objective.
To assess the effect of extracellular [Ca2+] on fungal growth, the
strains were grown on YPD (w/v: 1% yeast extract, 2% peptone, 2%
glucose, 2% agar) – to avoid the complexity of controlling Ca2+
levels in Vogel’s medium with its high levels of citric acid and
phosphate (both of which bind Ca2+). In agar, [Ca2+] is about
35 lM (mostly bound) (Scholten and Pierik, 1998)) and about
130 lM in YPD (Blankenship and Heitman, 2005). In YPD plus
1 mM BAPTA, the free [Ca2+] is about 100 nM (Lew et al., 2008).
Plates containing various levels of Ca2+ and BAPTA were inoculated
with a plug of agar containing mycelium and incubated at 28 C.
Colony diameters were measured every 1–2 h. To assess the effect
of elevated cytoplasmic Ca2+ concentrations on growth, an agar
plug of mycelia was placed at the edge of a YPD plate onto which
the Ca2+ ionophore A23187 was spotted (10 ll from a 9.5 mM stock
in ethanol) (Lew et al., 2008) and grown at 28 C. The colonies were
imaged with a digital camera every hour or so as the colony edges
neared the circular zone containing the ionophore.2.3. Culture preparation for electrical experiments
Conidia were transferred onto strips (2.5  6 cm) of Cellophane
dialysis membrane (molecular weight cutoff of 12–14,000) that
overlay the VM in Petri dishes, and incubated overnight at 28 C
(or room temperature, 21–24 C). Prior to the experiment, the
Cellophane was cut with a razor blade to a size of about
1  3 cm, which included the growing edge of the colony. The
Cellophane strip was placed inside the cover of a 30 mm Petri dish,
and immobilized on the bottom with masking tape. The culture
was ﬂooded with 3 ml of buffer solution (BS) (in mM): KCl (10),
CaCl2 (1), MgCl2 (1), sucrose (133), and MES (10), pH adjusted to
5.8 with KOH. Growth of hyphae at the colony edge normally
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wildtype and the plc-1 mutants.
2.4. Electrical measurements
Large trunk hyphae (10–20 lm diameter) about 0.5 cm behind
the colony edge were selected for electrophysiology measure-
ments. Single barrel micropipettes were prepared as described by
Hamam and Lew (2012). After the dual impalements (separated
by 10–20 lm), the membrane potential usually stabilized within
1 min; then, voltage clamp was performed (Lew, 2012). Brieﬂy,
current injection and voltage monitoring through the two micro-
pipettes were used to clamp the hyphae with a bipolar staircase
of resting potential, and alternating positive and negative voltages
of 200 ms duration. Measurements of current density in the
hyphae are complicated by the cable properties of the hypha,
which cause attenuated voltage with increasing distance from
the impalement site. Using the length constant for Neurospora
hyphae (Lew, 2007), the clamping current densities were
calculated as described by Hamam and Lew (2012).Fig. 1. Hyphal morphology and cytology of wild type and the plc-1 mutants. Upper pan
trunk septa (right) for the three strains, as marked. Lower panel: Fluorescence images o
hyphal tips were taken with a 100 objective (oil immersion), either on a microsco
(ﬂuorescence and septa imaging). DIC images of both the KO plc-1 and RIP plc-1 muta
wildtype; phase contrast images of all three strains were similar, as were septal cytology
either MitoTracker Red or the potential-sensitive rhodamine were similar for all three stra
differences were quantiﬁed using blind scoring (22 images per strain) on four attributes:
plasma membrane ﬂuorescence was consistently intense in the RIP plc-1 mutant but le
(evenly distributed within the cytoplasm, neither punctate nor ﬁbrillar) was present in
ﬁbrillar ﬂuorescence was present in the RIP plc-1 mutant, absent in wildtype and the KO
compared to the KO plc-1 mutant and wildtype strains. Bars, 10 lm.2.5. Turgor measurements
The strains were grown on Petri plates containing VM at 28 C.
The plates were ﬂooded with 5 ml of BS just prior to measure-
ments. Similarly to electrophysiological measurements, large trunk
hyphae were selected about 0.5 cm behind the growing edge of the
colony for turgor measurements (Lew et al., 2004, 2006; Lew and
Levina, 2007). Large aperture micropipettes were fabricated using
a double pull technique and ﬁlled with low viscosity silicon oil
(polydimethylsiloxane, 1.5 centistokes, Dow Corning, Midland,
WI). The micropipette was mounted in a holder attached to a
micrometer-driven piston by thick wall Teﬂon tubing. The internal
hydrostatic pressure of the hypha causes the silicon oil/cell sap
meniscus to move into the micropipette after impalement; the
pressure required to bring the meniscus back to the tip is a mea-
sure of the turgor. Pressure was measured with a transducer
(XT-190-300G, Kulite Semiconductor, Leonia, NJ) mounted on the
holder. To assure that the probe tip had not become plugged, the
meniscus was periodically drawn back from the tip, and then
returned to the tip. Turgor was measured for about 6 min (a totalel: DIC (left) and phase contrast images (middle) of growing hyphal tips and hyphal
f MitoTracker Red (left), rhodamine (middle) and FM4-64 (right). Images of growing
pe slide (DIC and phase contrast imaging), or on agar, covered with a coverslip
nts exhibited more granular structure compared to the vermiform formations in
(RIP plc-1 hyphae were narrower). The distributions of mitochondria visualized with
ins. Membranous structures – imaged with FM4-64 – were different. The qualitative
(1) tip-localized ﬂuorescence intensity was lower intensity in both plc-1mutants, (2)
ss intense or absent in wildtype and the KO plc-1 mutant, (3) diffuse ﬂuorescence
both wildtype and the KO plc-1 mutant, but absent in the RIP plc-1 mutant, and (4)
plc-1 mutant. Thus, the RIP plc-1 mutant exhibits a different membranous cytology
R.R. Lew et al. / Fungal Genetics and Biology 82 (2015) 158–167 161of 6–8 measurements). Measurements of wildtype and the plc-1
mutant strains were normally interspersed.
2.6. Microscopy
For electrical, turgor, and hyphal tip growth measurements, a
Zeiss Axioskop 2 microscope (Carl Zeiss Canada, Don Mills,
Ontario, Canada) was used with a 10 objective (growth), 40
objective (water immersion, numerical aperture 0.8) (electrophys-
iology and turgor) or a 63 objective (water immersion, numerical
aperture 0.95) (hyphal tip bulging). Hyphal tip morphology was
imaged using brightﬁeld, differential interference contrast (DIC)log[
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Fig. 2. Effect of Ca2+ on growth of wildtype and the plc-1mutants. (A) The effect of deplet
agar plates containing YPD + 1 mM BAPTA (ca 100 nM free Ca2+), YPD (ca 0.13 mM [Ca2
YPD + 200 mM CaCl2, and YPD + 400 mM CaCl2. Colony diameters were measured every
circles; KO plc-1 squares, RIP plc-1, triangles) are shown; the connecting lines run through
growth rate of the RIP plc-1 strains compared to either wildtype or KO plc-1. Response
elevating intracellular Ca2+ was also examined, using the calcium ionophore A23187. A
growth was recorded using a digital camera as the colony edge entered an A23187-contai
the wild type and all mutants (not shown). After the strains had grown through the A23
wildtype and both the KO plc-1 and RIP plc-1 mutants extending back toward the origi
growth and development of the RIP mutant, but was visible within 45 h).on a Zeiss Axioskop 2 with a 100 objective (EC Plan Neoﬂuar oil
immersion, numerical aperture 1.3). Digital images were captured
with an Orca C-4742-95 camera (Hamamatsu Photonics KK, Japan)
using OpenLab 3.1.7 software (Improvision, Coventry, UK), or an
Inﬁnity2-1C camera (Lumenera, Canada) using INFINITY software.
2.7. Laser confocal ﬂuorescence microscopy
Imaging of mitochondria with MitoTracker Red FM or
Rhodamine 123 and membranes with FM4-64 (Molecular Probes)
(Fischer-Parton et al., 2000) used the 100 oil immersion objective
on a Fluoview 300 confocal system (Olympus). Either dye wasCa2+] (M)
RIP plc–1–1
-4 -2 0 -8 -6 -4 -2 0
RIP plc–1
ed and excessive Ca2+ on fungal growth. The strains were inoculated at the center of
+]), YPD + 1 mM BAPTA and 1.1 mM CaCl2 (ca 0.23 mM [Ca2+]), YPD + 25 mM CaCl2,
1–2 h, growth is shown as diameter increase (cm h1). Individual data (wildtype,
the means for each Ca2+ concentration. The most notable phenotype was the lower
s to varying extracellular [Ca2+] were similar for all three strains. (B) The effect of
gar plugs were placed at one side of the Petri dishes containing YPD (arrows), and
ning zone (circles) (squares mark the location of an ethanol-spotted control zone) for
187-containing zone, an aconidiate zone (devoid of aerial hyphae) was observed in
nal inoculum site (the aconidiate zone in RIP plc-1 was delayed due to the slower
Table 1
Ca2+ dependence of growth. Data are shown as mean ± SD (n = 3) (% controls are shown in parentheses). Two-tail t-tests were performed relative to the control growth rates with
0 mM BAPTA.
[BAPTA] Wild type KO plc-1 mutant RIP plc-1 mutant
Growth Rate (cm h1)
0 0.559 ± 0.024 (100%) 0.548 ± 0.010 (100%) 0.454 ± 0.009 (100%)
0.2 mM 0.519 ± 0.012 (93%) 0.530 ± 0.014 (97%) 0.423 ± 0.014 (93%)
0.6 mM 0.405 ± 0.007a (72%) 0.360 ± 0.032a (66%) 0.226 ± 0.005b (50%)
1.0 mM 0.202 ± 0.037b (36%) 0.173 ± 0.019b (32%) 0.017 ± 0.001b (4%)
1.0 mM + 1.1 mM CaCl2 0.394 ± 0.009a (70%) 0.406 ± 0.010b (74%) 0.341 ± 0.030a (75%)
a Signiﬁcantly different from control (0 mM BAPTA) growth rate, P < 0.02.
b Highly signiﬁcant difference, P < 0.002.
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Fig. 3. Turgor and osmotic responses of wild type and the plc-1 mutants. (A) Turgor (kiloPascals) for wild type (circles), the KO plc-1 (squares) and RIP plc-1 (triangles)
mutants in BS are shown, both individual experiments (open symbols) and the mean ± SD (closed symbols). Data are jittered on the x-axis for greater clarity. Turgor of the RIP
plc-1mutant is signiﬁcantly lower than that of wildtype, while KO plc-1 turgor is not signiﬁcantly different from wildtype. Osmotic effects on growth of wild type and the plc-
1 mutants using NaCl (B) or sucrose (C). Colony diameter increases (cm h1) for wild type (circles), the KO plc-1 (squares) and RIP plc-1 (triangles) mutants are shown at
various concentrations of NaCl (upper panel) or sucrose (lower panel). Higher concentrations of sucrose were used to partially offset the difference in osmolarities of sucrose
and NaCl (the osmolarities at 0.6 M sucrose and 0.4 M NaCl are about 890 mmol kg1 and 990 mmol kg1, respectively (Lew et al., 2008)). All three strains showed a similar
decline in growth with increasing osmolarity.
162 R.R. Lew et al. / Fungal Genetics and Biology 82 (2015) 158–167added to the colony edge at a ﬁnal concentration of 6.4 lM (2.5 lM
for Rhodamine 123) in OM (organic medium (w/v): 1% glucose,
0.1% peptone, 0.01% yeast extract, 0.1% KH2PO4, and 0.03%
MgSO47H2O). The colony edge was covered with a cover slip.
Fluorescence imaging used a Helium/Neon laser line of 543 nm
for excitation and longpass 605 nm for emission (MitoTracker
Red FM and FM4-64) or argon laser line of 488 nm and bandpass
510/530 nm for emission (Rhodamine 123), with Kalman ﬁltering
of 2 or 4 scans. Normally, multiple images were made to conﬁrm
hyphal tip growth. Measurements and enhancement (linear con-
trast stretch) were performed using ImageJ (Rasband, 2014).2.8. Statistical analysis
Data are shown as means ± standard deviation (sample size),
unless stated otherwise. Statistical signiﬁcance was determined
using two tail t-tests (Microsoft Excel).3. Results
3.1. Tip cytology in wild type and the plc-1 mutants
Hyphal tip morphology is similar when imaged with DIC or
phase contrast imaging of growing hyphae (Fig. 1), however the
KO and RIP plc-1 mutants tended to exhibit more granular struc-
tures (rather than vermiform) in DIC images. Septa of the three
strains were also similar, but the RIP plc-1 mutant had narrower
hyphae. This was quantiﬁed from measurements of hyphal diame-
ters used for cable-correction of current voltage measurements.
Wildtype and KO plc-1 hyphae were similar in diameter
(18.3 ± 3.2 (n = 37) and 17.9 ± 2.3 (n = 25) lm, respectively;
P = 0.49) but RIP plc-1 hyphae were smaller (15.6 ± 2.4 (n = 22)
lm; P = 0.00054 compared to wildtype). The ﬂuorescent dyes
MitoTracker Red and rhodamine were used to image mitochondria,
whose distribution can be considered an indirect measure of
Cu
rre
nt
 (m
A 
m
–
2 )
Voltage (milliVolt)
wildtype
RIP plc–1
KO plc–1
-350
-250
-150
-50
50
150
-250 -200 -150 -100 -50
-350
-250
-150
-50
50
150
-250 -200 -150 -100 -50
-350
-250
-150
-50
50
150
-250 -200 -150 -100 -50
100 seconds
-
15
0 
m
V
100 seconds
-
15
0 
m
V
100 seconds
-
15
0 
m
V
cyanide
out of cell
After cyanide
Initial
Initial
Initial
After cyanide
After cyanide
–4
–2
0
2
4
6
8
Inital
After
cyanide
delta
cyanide
wildtype RIP plc–1KO plc–1
Co
nd
uc
ta
nc
e 
(S
 m
–
2 )
–250
–200
–150
–100
–50
0
50
100
150
200
Delta cyanide
After cyanide
Initial
Vo
lta
ge
 (m
illi
Vo
lt)
wildtype RIP plc–1KO plc–1
Vo
lta
ge
 (m
illi
Vo
lt)
(A) (B)
(C) (D)
Clamping
current
Fig. 4. Electrical properties of wildtype and the plc-1 mutants. (A) Examples of impalements and cyanide treatments for the three strains. (B) Average current voltage
measurements. (C) Compiled data on membrane potential before and after cyanide treatment, and the cyanide-induced change (delta cyanide). (D) Compiled data on
conductance before and after cyanide treatment, and the cyanide-induced change (delta cyanide). The electrical properties of the three strains are similar.
R.R. Lew et al. / Fungal Genetics and Biology 82 (2015) 158–167 163cytoskeletal structure, since disruption of microtubules with noco-
dazole modiﬁes mitochondrial distributions (Levina and Lew,
2006). Both mitochondrial dyes exhibited similar distributions in
wild type and the mutants (Fig. 1), so microtubular architecture
appears to be unaffected in the plc-1 mutants. FM4-64 was used
to visualize endomembranes and the plasma membrane
(Fischer-Parton et al., 2000). The distribution of nuclei, observed
as spherical or oblate regions of ﬂuorescence exclusion in hyphae
stained with FM4-64 were similar, consistent with a fully func-
tional cytoskeleton (Riquelme et al., 2002). However, the distribu-
tion of FM4-64 ﬂuorescence in the hyphae was notably different
for the RIP plc-1 mutant. Rather than being mostly diffuse, the ﬂu-
orescence was ﬁbrillar within the hyphae, and the plasma mem-
brane was strongly labeled (Fig. 1). Quasi-quantitative analysis of
FM4-64 distributions was performed using blind scoring of ran-
domized images of the three strains (22 images each) to conﬁrmthe differences. Images were scored for strong tip-localized ﬂuo-
rescence, plasma membrane ﬂuorescence, diffuse ﬂuorescence
and ﬁbrillar ﬂuorescence. The RIP plc-1 mutant lacked diffuse ﬂuo-
rescence (only 6/22 images had diffuse ﬂuorescence, compared to
21/22 wildtype and KO plc-1), with most ﬂuorescence observed
in the plasma membrane (16/22 images, compared to 5/22 wild-
type and 0/22 KO plc-1) or ﬁbrillar membranous structures in the
cytoplasm (17/22 images, compared to 1/22 wildtype and 3/22
KO plc-1).
3.2. Calcium effects on growth of the plc-1 mutants
Since phospholipase C may be a growth sensor that regulates
endomembrane calcium channels to create a tip-high calcium gra-
dient during hyphal extension, we examined the effect of [Ca2+] on
hyphal growth (Fig. 2A). The RIP plc-1 mutant grew slower than
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Fig. 5. Effect of the phospholipase C inhibitor on growth of wildtype and the plc-1 mutant strains. (A) Growth rates and percentage hyphal tip bursting. Individual
experiments are shown in gray, the averages are shown in black. The colonies were ﬂooded with 5 ml of BS, and hyphal growth measured every 30 s. 3-nitrocoumarin
treatments were commenced at 0 min, and the inhibitor was washed out at 12 min. Hyphal bursting of the hyphae in the ﬁeld of view – as a percentage of total hyphae
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164 R.R. Lew et al. / Fungal Genetics and Biology 82 (2015) 158–167wildtype or KO plc-1, and was more sensitive to Ca2+ depletion
(29% of growth in YPD alone compared to 45–47% for wildtype
or the KO plc-1 mutant). To explore the effect of depleted [Ca2+]
in greater detail, the strains were grown on YPD containing the
Ca2+ chelator BAPTA at 0.2 to 1.0 mM. Wild type and KO plc-1
growth were affected when free Ca2+ was decreased with 1.0 mM
BAPTA (declining to about 35% of control growth rates). In contrast,
growth of the RIP plc-1 mutant was strongly affected, growing 4%
of control rates at 1.0 mM BAPTA (Table 1). Growth rates were near
normal (about 75%) when the 1.0 mM BAPTA medium was supple-
mented with 1.1 mM Ca2+, indicating that the majority of the
BAPTA effect was due to Ca2+ chelation.
To test the effect of intracellular Ca2+ on the mutant, we used
the calcium ionophore A23187, which is known to increase intra-
cellular Ca2+ based on increased aequorin ﬂuorescence in
Aspergillus awamori (Nelson et al., 2004). The ionophore (10 ll
from a 9.5 mM stock in ethanol) was spotted on the YPD agar plate
(Fig. 2B). All three strains grew through the circular zone contain-
ing the A23187 ionophore similarly. Conidation was absent after
1–2 days, in a sector extending back toward the inoculum, but
was observed elsewhere on the plate, including the control zone
in which 10 ll of ethanol had been applied (Fig. 2B). The RIP
plc-1 grew slower than either wildtype or the KO plc-1 mutant,
so the appearance of the aconidiate zone was delayed.
The most notable phenotype of the RIP plc-1mutant was slower
growth. One potential cause is lower turgor, the normal driving
force for hyphal extension (Lew, 2011).
3.3. RIP plc-1 turgor is lower than wild type
In interspersed measurements of turgor in the three strains,
wildtype turgor was 480 ± 92, KO plc-1 turgor was 408 ± 84, andRIP plc-1 turgor was 362 ± 89 kiloPascal (n = 12) (Fig. 3A). RIP
plc-1 turgor was signiﬁcantly lower than wildtype turgor
(P = 0.0041). The lower turgor could be a fundamental cause of
slower growth of the RIP plc-1 mutant. Responses to hyperosmotic
treatment with either NaCl or sucrose were similar for all three
mutants (Fig. 3B). Thus turgor regulation per se is unaffected in
either of the plc-1 mutant strains. Lower turgor may be caused
by decreased ion transport (Lew and Kapishon, 2009), so the elec-
trical properties of the mutant strains were examined.
3.4. Electrical properties of the plc-1 mutants
The wildtype potential was 144 ± 20 mV, KO plc-1 was
134 ± 32, and RIP plc-1 was 144 ± 23 mV (n = 18) (Fig. 4). The
speciﬁc conductance for wildtype was 3.5 ± 1.7, KO plc-1 was
3.1 ± 1.5, and RIP plc-1 was 3.1 ± 1.2 S m2 (n = 18) (Fig. 4).
Cyanide-induced depolarization can be used as a measure of the
activity of the plasma membrane H+-ATPase. The delta-cyanide
potential for wildtype was +86 ± 22, KO plc-1 was +72 ± 27, and
RIP plc-1 was +92 ± 23 (n = 18). Overall, the magnitude of the elec-
trical potential, speciﬁc conductances and the H+-ATPase contribu-
tion are very similar in all three strains.
3.5. Effects of phospholipase C inhibition
We examined the effect of 3-nitrocoumarin on hyphal growth
to determine whether the plc-1mutants were insensitive to inhibi-
tion of phospholipase C activity (Tisi et al., 2001; Silverman-Gavrila
and Lew, 2003). Growth of wildtype and the two plc-1 mutant
strains was inhibited (Fig. 5A). A high percentage of hyphae burst
after 3-nitrocoumarin treatment, but only in wildtype and the
KO plc-1 mutant. Higher magniﬁcation imaging of hyphal tips
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R.R. Lew et al. / Fungal Genetics and Biology 82 (2015) 158–167 165revealed bulging of the hyphal tips, extending well behind the tip
in these two strains, but not in the RIP plc-1 mutant (Fig. 5B).
Inhibition of phospholipase C had no immediate effects on the
electrical properties of the wildtype strain (Fig. 6).
4. Discussion
In signal transduction, phospholipase C is a nexus point. Both of
the products of its enzymatic reaction (diacylglycerol [DAG] and
inositol 1,4,5-trisphosphate [IP3]) have signiﬁcant effects on cellu-
lar physiology. In the fungus N. crassa, IP3 was shown to activate
calcium channels isolated from endomembranes. Inhibitors of a
large conductance IP3-activated channel also inhibit growth and
disrupt a tip-high Ca2+ gradient required for hyphal tip growth
(Silverman-Gavrila and Lew, 2002). Inhibitors of phospholipase C
inhibit growth, and DAG is elevated by hypoosmotic treatment
that will cause tip swelling. Therefore, a central role of agrowth-sensing phospholipase C in tip growth was proposed
(Silverman-Gavrila and Lew, 2003).
Here, we examined the phenotypes of two phospholipase C
mutants of the plc-1 gene. The KO plc-1 is a null mutant.
Phospholipase C genes (including the plc-1 gene of N. crassa) are
comprised of two domains: X, which binds Ca2+ (and is required
for catalytic function) and Y, which binds phosphoinositide
(Rhee, 2001). The X domain of the RIP plc-1 retains the amino acids
conserved for Ca2+ binding, but the Y domain is absent. Since both
domains are required for catalytic function, the RIP plc-1 will
express a nonfunctional gene product (Gavric et al., 2007). The
phenotypes of the two mutant strains are quite different. The KO
plc-1 is very similar to the wildtype phenotype in all attributes
we examined. The RIP plc-1mutant exhibits a number of major dif-
ferences. Hyphal tip cytology is very different from either wildtype
or the KO plc-1 mutant. It has a higher sensitivity to depleted
extracellular Ca2+. Its turgor is signiﬁcantly lower. And, it exhibits
166 R.R. Lew et al. / Fungal Genetics and Biology 82 (2015) 158–167a differential response to a potent phospholipase C inhibitor
(3-nitrocoumarin): the absence of hyphal bursting. We can only
speculate that the KO plc-1 null mutant has an epigenetic shift in
gene expression that compensates for the loss of the plc-1 gene,
something that may be absent when a dysfunctional gene product
can be expressed. Because the non-functional RIP plc-1 product
retains the X domain, it may be disrupting protein interactions,
or even Ca2+ homeostasis due to Ca2+ binding, and thus behave
as a dominant mutation. Even the RIP plc-1must have fallback pro-
cesses to compensate for the absence of a functional gene product
– the RIP plc-1mutant does have phospholipase C activity, possibly
due to other putative phospholipase C genes (Gavric et al., 2007).
Understanding the mechanisms causing the RIP plc-1 mutant phe-
notype will require analysis of protein expression, transformation
(of wildtype and the KO plc-1) with truncated plc-1 gene con-
structs, and biochemical measurements of catalytic activity, exper-
iments that are beyond the scope of our biophysically-focused
characterization. At present, the likely explanation for our results
are that the RIP plc-1 mutant is a dominant phenotype.
The lower turgor of the RIP plc-1may be a consequence of lower
‘stretch-sensing’ sensitivity. Turgor is an ‘integrative’ aspect of
hyphal physiology, controlled through multiple pathways (Lew,
2011). Other mutants exhibiting lower turgor include os-1 and
ptk-2, but both of these exhibit osmosensitivity that was not
observed in RIP plc-1. Thus, unlike os-1 (part of an osmoresponse
transduction pathway, Lew et al., 2006)) and ptk-2 (a regulator of
plasma membrane H+-ATPase activity, Lew and Kapishon, 2009),
the RIP plc-1 appears to control normal turgor by a different path-
way, that could involve stretch-sensing. Since electrical properties
are the same as wildtype, and 3-nitrocoumarin has no effect on
wildtype electrical properties, plc-1 does not play a role in regula-
tion of plasma membrane transport.
The phenotype of the RIP plc-1 is consistent with a role in tip
growth, but not an obligatory one. There are very signiﬁcant
changes in cytological architecture at the tip. The changes in the
endomembrane distribution observed with the ﬂuorescent dye
FM4-64 suggest that intracellular polarity is disrupted to some
extent, possibly due to the backﬂow of membranous material that
would ordinarily be targeted for insertion at the expanding hyphal
tip. Cytoskeletal organization of the RIP plc-1 mutant is normal, as
evidenced by the presence of a Spitzenkorper and normal mito-
chondrial distributions. We conclude that PLC-1 does play a role
in tip growth, but fallback alternatives allow tip growth – albeit
aberrant – to occur when a dysfunctional plc-1 is expressed.
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